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MonkeyThe brain dynamically changes its input-output relationship depending on the behavioral state and con-
text in order to optimize information processing. At the molecular level, cholinergic/monoaminergic
transmitters have been extensively studied as key players for the state/context-dependent modulation
of brain function. In this paper, we review how cortical visual information processing in the primary
visual cortex (V1) of macaque monkey, which has a highly differentiated laminar structure, is optimized
by serotonergic and cholinergic systems by examining anatomical and in vivo electrophysiological
aspects to highlight their similarities and distinctions. We show that these two systems have a similar
layer bias for axonal fiber innervation and receptor distribution. The common target sites are the genicu-
lorecipient layers and geniculocortical fibers, where the appropriate gain control is established through a
geniculocortical signal transformation. Both systems exert activity-dependent response gain control
across layers, but in a manner consistent with the receptor subtype. The serotonergic receptors 5-
HT1B and 5HT2A modulate the contrast-response curve in a manner consistent with bi-directional
response gain control, where the sign (facilitation/suppression) is switched according to the firing rate
and is complementary to the other. On the other hand, cholinergic nicotinic/muscarinic receptors exert
mono-directional response gain control without a sign reversal. Nicotinic receptors increase the response
magnitude in a multiplicative manner, while muscarinic receptors exert both suppressive and facilitative
effects. We discuss the implications of the two neuromodulator systems in hierarchical visual signal pro-
cessing in V1 on the basis of the developed laminar structure.
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
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The brain is often described as a computer processor but with
one big difference in that it switches between multiple states in
a manner dependent on the behavioral context (for a review, see
Harris and Thiele, 1999; Lee and Dan, 2012). That is, neuronal
information processing is modulated at the whole brain level to
optimize the individual’s response to match the behavioral pur-
pose (for a review, see Hobson and Steriade, 1986; Jacobs and
Fornal, 1997, 1999). The key players involved in contextual brain
dynamics are neuromodulators, such as monoamines (serotonin
and noradrenaline) (for a review, see Portas and McCarley, 1994)
and acetylcholine (ACh) (for a review, see Lee and Dan, 2012). Sys-
tems that use these neuromodulators are specialized for a global
control of neuronal activity across multiple brain areas. This con-
trol is achieved by using the long-range projections of axonal fibers
throughout the cerebral cortices and subcortical systems and by
using volume transmission of the intercellular signals in a target
area (Descarries et al., 1997; Pearson et al., 1983). Despite their
global influence, neuromodulator systems exert a fine and well-
balanced modulatory action that shows cell-type and laminar
specificity (Kimura et al., 2014; Soma et al., 2013a) and also a
dependency on neural activity at the single cell level (Watakabe
et al., 2009). Such elaborated modulation is realized mainly by
laminar-biased innervation of the axonal fibers within the cerebral
cortex as well as by a diversity and localization of receptor
subtypes.
In this review, we discuss how cortical visual information pro-
cessing in primary visual cortex (V1) is optimized in vivo by sero-
tonergic and cholinergic systems, which have a common target, theFig. 1. The interacting sites of serotonergic (left column) and cholinergic (right column)
flows of three thalamic inputs from dLGN parvocellular (P), magnocellular (M) and konio
hatched pattern indicates layers with a high density of serotonergic (Morrison et al., 1982
of serotonergic receptor mRNA is based on Watakabe et al. (2009), and those of serotoner
et al. (2007), Disney and Aoki (2008), Rakic et al. (1988) and Tigges et al. (1997). Circlesgeniculorecipient layer, highlighting their similarities and distinc-
tions with respect to receptor subtypes and laminar- and cell-
type-specific distributions. We focus on modulatory effects on
the visual gain of the neuronal response because V1 is the location
of thalamic input-cortical output transformation, which is the
gateway to later cortical information processing. We particularly
focus on macaque monkey V1 because of its highly differentiated
laminar structure.2. Origin and innervation pattern of serotonergic and
cholinergic fibers
The macaque neocortex is densely innervated by serotonergic
fibers, and the fiber densities are highest in primary sensory
regions such as V1 (de Lima et al., 1988; Doty, 1983; Foote and
Morrison, 1984; Morrison et al., 1982; Morrison and Foote, 1986;
Wilson and Molliver, 1991). Serotonin (5-hydroxytryptamine, or
5-HT)-containing neurons are localized within the dorsal
(B7 group) and median (B8 group) raphe nuclei of the pons and
upper brain stem. B7 neurons, whose serotonergic neurons project
to the neostriatum, cerebral and cerebellar cortices, and thalamus,
innervate visual pathways including the subcortical and cortical
visual areas. On the other hand, B8 neurons innervate the limbic
system (Schofield and Everitt, 1981; Sladek et al., 1982).
In macaque monkey, serotonergic projections to the cerebral
cortex show highly laminated patterns characteristic of V1
(Fig. 1, left), including preferential innervation of the spiny stellate
cells of layers 4A and 4C (Morrison et al., 1982; Kosofsky et al.,
1984). Because the fiber distribution is more even across laminaesystems in the visual pathways of highly-laminated monkey V1. The inter-laminar
cellular (K, intercalated) cell groups are drawn based on Yoshioka et al. (1994). The
) and cholinergic (Mrzljak and Goldman-Rakic, 1993) axonal fibers. The distribution
gic receptor protein and cholinergic receptor mRNA and protein are based on Disney
in the arrows represent the neuromodulator receptor at the presynaptic site.
46 S. Shimegi et al. / Journal of Physiology - Paris 110 (2016) 44–51in V2 (Morrison and Foote, 1986), the V1/V2 boundary is clearly
visualized by the density of the serotonergic fibers.
On the other hand, cholinergic projections to the cerebral cortex
originate from the basal forebrain, particularly the Nucleus basalis
of Mynert (NBM) and the diagonal band of Broca. Cholinergic neu-
rons of NBM project to the whole cerebral cortex including V1
(Pearson et al., 1983) and release ACh diffusely by volume trans-
mission via numerous varicosities of the cholinergic fibers (Aoki
and Kabak, 1992; Mesulam et al., 1992) and by wired neurotrans-
mission via synapses (Sarter et al., 2009; Smiley et al., 1997).
In macaque V1 (Fig. 1, right), acetylcholinesterase- (Hedreen
et al., 1984) and choline acetyltransferase-(Mrzljak and Goldman
-Rakic, 1993) immunoreactive axonal fibers are remarkably rich
in layers 1, 4A, 4C, and 6B. Additionally, layer 1 is pronounced in
a dense plexus of AChE-positive axons oriented horizontally
(Hedreen et al., 1984).
Different layers receive different axons from the lateral genicu-
late nucleus (LGN). Layer 1 receives koniocellular LGN axons
(Casagrande et al., 2007), layer 4A receives parvocellular LGN
axons, and layers 4C and 6B both receive magnocellular and pavo-
cellular LGN axons (Fig. 1). Common to these layers is that the
principal target of the serotonergic and cholinergic systems in
monkey V1 is the geniculorecipient layer, which is where thalam-
ocortical signal transformation undergoes dramatic change with
regards to the rate and pattern of the neuron firing and the nature
of the receptive field, including stimulus specificity. Yet in layers 1
and 6B at least, cholinergic and serotonergic innervations differ,
suggesting distinct functions, such as awakening (Kimura et al.,
2014; Goard and Dan, 2009) and attention (Goard and Dan,
2009; Herrero et al., 2008; Roberts et al., 2007).3. Receptor subtypes and distribution
Receptors for 5-HT have been classified into seven families, 5-
HT1-7, with all being G-protein coupled receptors except for 5-
HT3, which is a ligand-gated ionic channel (Hoyer et al., 2002).
Each family is further subdivided into subtypes, such as 5-
HT1A/1B/1D and 5-HT2A/2B/2C, and to date, 14 genes encoding
different 5-HT receptors have been reported in the human genome
(Hoyer et al., 2002). The 5-HT1 family, 5-HT2 family, and 5-HT4, 5,
6, 7 families couple to Gi, Gq, and Gs, respectively (Hoyer et al.,
2002). Among them, genes for 5-HT1B and 5-HT2A were identified
in V1 by Tetsuo Yamamori and his colleagues as specific to the cor-
tical occipital area of the frontal, motor, temporal and occipital
areas of the cerebral cortex of macaque monkey and named corti-
cal area-specific genes in order to describe their exclusive expres-
sion in a particular cortical area (Komatsu et al., 2005; Tochitani
et al., 2001; Watakabe et al., 2001, 2009). The results of an in situ
hybridization (ISH) study clearly showed strong signals of mRNA
for 5-HT1B and 5-HT2A in V1, unlike other cortical regions, and
remarkable laminar specificity (Watakabe et al., 2009) (Fig. 1, left).
In agreement with the serotonergic innervation pattern in V1
(Morrison et al., 1982; Kosofsky et al., 1984) and the expression
of the receptor proteins (Rakic et al., 1988), 5-HT1B and 5-HT2A
mRNA expressions were highly concentrated in the geniculorecip-
ient layers 4A and 4C, where most 5-HT1B-positive neurons co-
expressed 5-HT2A mRNA (Watakabe et al., 2009). 5-HT1B mRNA
is more restricted to layers 4A and 4C compared with 5-HT2A
mRNA, which is expressed from layers 2 to 4. Therefore, 5-HT1B
and 5-HT2A mRNAs are not necessarily co-expressed in the super-
ficial layers. Furthermore, only 5-HT1BmRNA is richly expressed in
the LGN, whereas 5-HT2AmRNA is expressed to some extent in V2.
Thus, the expressions of 5-HT1B and 5-HT2A mRNAs could be used
as markers for the early and later stages of the early visual
pathway, from LGN to V2 with V1 overlapped. In contrast, theexpressions of mRNAs of other types of 5-HT receptors are very
weak (Watakabe et al., 2009), suggesting the main molecules
mediating 5-HT action in monkey V1 are 5-HT1B and 5-HT2A
receptors.
In contrast to 5-HT receptors, ACh receptors are classified into
two subfamilies, nicotinic ACh receptors (nAChRs) (Dani and
Bertrand, 2007) and muscarinic ACh receptors (mAChRs) (Brown,
2010). nAChRs are ligand-gated ion channels that are permeable
to cations such as sodium, potassium, and calcium ions. On the
other hand, mAChRs are G protein-coupled receptors, which are
further classified into 5 subtypes, M1-M5 (Groleau et al., 2015).
In general, M1, M3, and M5 bind to Gq, triggering inositol trispho-
sphate and intracellular calcium pathways via phospholipase C. M2
and M4 bind to Gi, causing an increase of potassium conductance
and decrease of calcium conductance. Thus, the type of modulatory
activity done by the mAChR depends on the subtype (Brown et al.,
1997; Brown, 2010).
In macaque V1 (Fig. 1, right), nAChRs are richly expressed in
geniculorecipient layer 4C (Han et al., 2003; Rakic et al., 1988)
and are restricted at the presynaptic site of geniculocortical affer-
ents, especially those contacting cortical excitatory neurons
(Disney et al., 2007). In layers other than layer 4, nAChRs are
observed in a small population of V1 neurons, mainly GABAergic
interneurons, but rarely in pyramidal neurons (Disney et al., 2007).
In contrast, mAChRs are not expressed by geniculocortical ter-
minals in layer 4C (Disney et al., 2007) and are distributed widely
throughout all layers. However, each receptor subtype shows
unique laminar distribution (Rakic et al., 1988; Tigges et al.,
1997). An autoradiographic quantification study using radio-
labeled ligands of mAChRs non-specific for the subtypes (Rakic
et al., 1988) demonstrated that the most intensely labeled layers
are layers 2/3 and intermediately labeled layers are layers 4A
and 4Cb. Thus, the layer distribution of mAChRs is not closely
related to that of the geniculocortical inputs, suggesting that the
main target sites of muscarinic control are intracortical synaptic
connections rather than geniculocortical ones (Kimura et al.,
1999). The immunoreactivity of mAChR subtypes in different lay-
ers is as follows (Fig. 1, right): M1 is strong in layers 2, 3, and 6;
M2 in layer 4A and 4Cb; M3 in layers 4A, 4Cb, and 6; and M4 in lay-
ers 1, 2, 3, and 5 (Tigges et al., 1997). The expression of M5 has not
been studied in monkey V1. In addition, M2 and M3 are predomi-
nantly expressed in geniculorecipient layers, while M1 and M4 are
found in other layers, suggesting that the receptor subtypes bind-
ing to Gq and Gi are coexistent in geniculorecipient and non-
geniculorecipient layers.
The above results indicate two commonalities in the layer dis-
tribution of receptors between the serotonergic and cholinergic
systems (Fig. 1): (1) a co-localization of distinct receptor subfami-
lies/subtypes (5-HT1B and 5-HT2A, M2 mAChRs and M3 mAChRs)
in the same layer, which may exert complementary actions via Gi
or Gq and (2) separate localization of distinct receptor subfamilies
(5-HT1B vs. 5-HT2A, nACh vs. mACh) at the pre- and post-synaptic
sites of geniculocortical synaptic connections. Thus, these two neu-
romodulator systems seem to embrace a common receptor distri-
bution that is suitable for realizing fine and balanced activity
control by making the different receptor subtypes expressed at a
single neuron and a synapse work together in a complementary
or coordinated way.
Nevertheless, serotonergic and cholinergic systems differ in
their cell-type specificity (Fig. 1). In macaque V1, both nAChRs
and M1 mAChRs are remarkably expressed in parvalbumin (PV)-
positive inhibitory interneurons (Disney et al., 2006, 2007;
Disney and Aoki, 2008), while 5-HT1B and 5-HT2A receptors show
no distribution difference between excitatory and inhibitory neu-
rons (Watakabe et al., 2009). Moreover, mAChR subtypes seem to
be distributed in a disciplined manner. For example, M2 and M3
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receive parvocellular inputs (Mrzljak et al., 1996; Tigges et al.,
1997), suggesting that those mAChRs are selectively involved in
the parvocellular pathway. Interestingly, M2 and M3 imunoreac-
tivities are mild and complementary in the interblob and blob
compartments of layers 2/3 (Mrzljak et al., 1996), which receive
parvocellular inputs from mid layer 4C and layer 4A, respectively
(Yoshioka et al., 1994), implying distinct roles of those mAChRs
in modulating parvocellular information processing that depends
on the sub-pathway. In addition, the fact that PV-positive interneu-
rons are rich in layers 4A and 4Cb and most of the interneurons
express M1 mAChR (Disney and Aoki, 2008) suggests that M1
mAChR is also selective for the parvocellular pathway from the
viewpoint of inhibitory neurons. Thus, cholinergic modulation
can be receptor subtype-specific as well as visual aspect-specific.
Further study using receptor-subfamily/subtype-specific drugs or
genetic manipulation is necessary to understand the significance
of the diversity.4. Activity-dependency of serotonergic and cholinergic receptor
expression
The lamina profile of 5-HT1B and 5-HT2A mRNAs is consistent
with cytochrome oxidase (CO) staining (Wong-Riley, 1994),
reflecting a high-energy metabolism due to the high firing rate of
the synaptic geniculocortical inputs. The geniculorecipient layers
are suitable for monitoring the status of the visual input, and the
expression of 5-HT1B and 5-HT2A genes is regulated in a retinal
activity-dependent manner (Watakabe et al., 2009). Tetrodotoxin
injection in the eye causes an immediate (Rittenhouse et al.,
1999) and sustained (Stryker and Harris, 1986) reduction in the
spontaneous activity of LGN neurons projected from the injected
eye. Only 3 h of monocular deprivation with tetrodotoxin injection
to one eye in the monkey is enough for not only CO activity but
also the expressions of 5-HT1B and 5-HT2A mRNAs to be abolished
in the deprived zone of V1, suggesting that the gene expression of
5-HT receptors in V1 is highly sensitive and quickly responsive to
the activity of the retinogeniculocortical pathway. On the other
hand, brain serotonergic neurons change their firing rate according
to the level of behavioral arousal (high in wakefulness, low in
sleep) (McGinty and Harper, 1976; Lydic et al., 1983; Guzman-
Marin et al., 2000). Therefore, the serotonergic system is suggested
to exert modulatory actions efficiently as needed for appropriate
visual signal processing by increasing the release of neurotransmit-
ters and the expression of receptors in a manner corresponding
with light stimulation.
Unlike serotonergic receptors, monocular deprivation does not
influence the immunoreactivity of any mAChR subtype (Tigges
et al., 1997) regardless of the predominant localization of M3 in
CO-rich regions. This independence seems reasonable, because
sleep-related changes in ACh are associated with neuroplasticity
and learning (Kang et al., 2014a, 2014b), especially memory con-
solidation (for reviews, see Graves et al., 2001; Hasselmo and
Giocomo, 2006). Thus, the insensitivity of cholinergic receptor
expression to visual input seems to reflect the non-visual func-
tional role of these receptors in the sleep state.5. Modulatory effects of serotonergic and cholinergic systems
on neuronal activity in V1
In macaque monkey V1, some research groups including us
(Disney et al., 2007, 2012; Roberts et al., 2005; Zinke et al., 2006;
Soma et al., 2012; Watakabe et al., 2009) conducted single-unit
recordings in combination with the microiontophoretic adminis-
tration of specific agonists and antagonists to examine how theserotonergic and cholinergic systems work in neuronal visual
information processing. Those results indicated that both neuro-
modulator systems facilitate or suppress visual responses and/or
spontaneous neuronal firing, thus contributing to visual gain con-
trol at the single neuron level. Moreover, the systems showed
remarkable diversity in the response modulation, type of gain con-
trol, and specificity of the modulatory influence on the layer, cell
type, and neuronal activity profile. We explain these points in
detail below.
In our study on 5-HT1B and 5-HT2A, we investigated the effects
of receptor subtype-specific agonists and antagonists (5-HT1B ago-
nist, CP93129; 5-HT1B antagonist, SB216641; 5-HT2 agonist, DOI;
5-HT2A antagonist, Ketanserin) on neuronal activity in macaque
V1 (Watakabe et al., 2009). Both agonists caused a facilitation
and/or suppression of visual responses for individual neurons.
The activation of 5-HT1B by CP93129 predominantly caused
response facilitation in V1 neurons, but a certain population of
neurons showed response suppression (Fig. 2). More importantly,
the sign of the modulatory effect depended on the neuron’s
response level; activation of 5-HT1B facilitated visual responses
from neurons with a high firing rate (open circles in
Fig 2A and B), but suppressed responses from those with a low fir-
ing rate (filled triangles in Fig 2A and B). These effects were blocked
by SB216641.
Although the suppressed cells commonly showed a low firing
rate, the facilitated cells showed a wide range of firing rates, in
which the degree of the response facilitation tended to be propor-
tional to the response magnitude. The same tendency was
observed at the single neuron level. Peristimulus time histograms
(PSTHs) show visual responses of a V1 neuron in response to a
drifting sinusoidal-grating patch at two stimulus contrasts of 20%
(right) and 100% (left) in three drug conditions: before (control),
during (drug), and after (recovery) administration of CP93129
(Fig. 2C). The strong response evoked by 100% contrast was
remarkably facilitated, but the weak one by 20% was suppressed.
This activity-dependent, bi-directional modulatory effect is seen
in the contrast-response curves, where the responses at low con-
trast were shifted downward and those at high contrast were
shifted upward (Fig. 2D). Such a change in the contrast-response
function widens the gap between responses at low and high con-
trast. This effect can be regarded as a kind of thresholding function
in image processing, which is typically used for contrast-based
edge and contour detection. Therefore, the activation of 5-HT1B
seems to ameliorate contrast-related image segmentation (figure-
ground segregation) in a retinal image represented by neuronal
activities in V1.
The 5-HT2A agonist, DOI, also exerts bidirectional modulatory
effects on the neuron firing rate, but in a manner opposite to that
seen with the 5-HT1B receptor agonist; neurons with strong
responses tend to be suppressed, while those with weak responses
are facilitated by 5-HT2A activation (see Fig. 8 of Watakabe et al.,
2009). Therefore, it would seem 5-HT2A acts as a gain controller
that optimizes the visual response range by reducing excessive sig-
nals and enhancing weak ones (Fig. 3, Optimization of response
magnitude). Thus, the visual gain control of the serotonergic sys-
tem is characterized by bi-directional response gain modulation
according to the response magnitude.
In addition to the gain control action, the serotonergic system in
V1 is characterized by a dependency on visual activity, in which all
processes, including receptor expression, 5-HT release, and visual
gain control, are regulated by visually evoked activity. This depen-
dency is suitable for the serotonergic system’s close association
with the sleep-wake cycle (Fig. 1, left).
Although the activation of AChRs facilitates or inhibits visual
responses between neurons in macaque V1, there is some dis-
agreement on the modulatory effects. Some groups including ours
Fig. 2. Effect of 5-HT1B agonist, CP93129, on visual responses of neurons in macaque V1. (A) Population data of 45 V1 neurons tested for the effect of CP93129 on firing rates.
Firing rates during drug administration (ordinate) were plotted against those of control responses in no-drug condition (abscissa). Symbols indicate drug effects (open circles,
facilitation; crosses, no effect; filled triangles, suppression). (B) The area marked by the dotted lines in A enlarged. (C) Peristimulus time histograms (PSTHs) of the visual
responses of a V1 neuron to a drifting sinusoidal grating patch at two stimulus contrasts (20%, right, and 100%, left) in three drug conditions: before (control), during (CP
93129), and after (recovery) administration of CP93129. (D) Effects of CP93129 on the contrast-response function of a complex cell in layer 4B. Circles, squares, and triangles
are averaged responses (±SEM) to the visual response at each grating contrast before, during, and after drug administration, respectively. [From Fig. 7 in Watakabe et al., 2009
with permission].
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times suppresses them (Roberts et al., 2005; Soma et al., 2012;
Zinke et al., 2006). These results in macaque are in agreement with
other mammals, including cat (Sato et al., 1987a, 1987b) and tree
shrews (Tupaia belangeri) (Bhattacharyya et al., 2012, 2013). On
the other hand, another paper (Disney et al., 2012) found the pre-
dominant modulatory effect to be suppression, with response facil-
itation limited to cortical layer 4. An explanation for the difference
in these reports needs further analysis of the receptor subtypes and
their different laminar distributions.
Regarding nAChRs, their modulating effects have been reported
to be predominantly facilitatory for layer 4 neurons. Disney et al.
(2007) demonstrated that nicotine evokes facilitatory effects on
visual responses only in geniculorecipient layer 4C, which is con-
sistent with the high localization of nAChRs there. Soma et al.
(2012) also found that ACh administration to layer 4C neurons
mainly causes response facilitation, where the relative contribu-
tion of nAChRs is remarkably higher than it is in other layers.
Moreover, both studies demonstrated that the facilitatory response
modulation changes the contrast-response curve in a manner con-
sistent with the response gain control having a single multiplica-
tive constant, i.e. mono-directional response gain control. The
response gain control is a vertical scaling of the contrast-
response curve and represents a change in response that depends
on the neuron’s firing rate, which is marked by a change in the
maximum response magnitude (Cavanaugh et al., 2002). The
response gain control then goes on to influence both the neuronaldetectability and discriminability of the visual stimulus. For
example, facilitatory/inhibitory modulation of the response to
grating stimulus at contrast threshold level or within the linear
zone of the stimulus contrast leads to an increase and decrease
in the stimulus detectability and the stimulus discriminability,
respectively.
In accordance with in vivo studies, in vitro studies on slices of rat
V1 have demonstrated that ACh increases the efficacy of feedfor-
ward geniculocortical projections through the activation of nAChRs
(Vidal and Changeux, 1993; Gill et al., 1997; Wonnacott, 1997).
nAChRs are ionotropic cation channels and evoke fast membrane
depolarization. Indeed, the increase of glutamate release from
geniculocortical terminals via the activation of presynaptic nAChRs
is responsible for the response facilitation in V1 neurons of monkey
(Disney et al., 2007) and other species (Fink and Göthert, 2007;
Lavine et al., 1997; Parkinson et al., 1988).
On the other hand, there is no agreement on the effects of
nAChRs in non-geniculorecipient layers. The activation of nAChRs
by nicotine has been reported not to evoke systematic effects on
visual responses outside layer 4c (Disney et al., 2007), while
ACh-evoked response facilitation was partially blocked by
mecamylamine, a nAChR antagonist (Soma et al., 2012). The incon-
sistency among studies seems to be due to the difference of cell
types (excitatory/inhibitory cells) and localization sites (pre-/
post-synaptic sites) of the nAChRs.
In non-geniculorecipient layers, the sign of ACh’s modulatory
effects is controversial (Disney et al., 2012; Soma et al., 2012).
Fig. 3. Receptor-subtype-dependent response gain controls. Activation of serotonergic 5-HT1B/2A receptors and nAChRs/mAChRs causes bi-directional and mono-directional
firing-rate-dependent response gain controls, respectively, which are characterized by the reversal and constancy of the sign of the modulatory effects according to the firing
rate. The 5-HT1B receptor furthers the contrast-based edge and contour detection in the retinal image by threshold-like response modulation (bottom left). nAChRs act as an
amplifier of the visual signal without deforming the shape of the contrast-response curve by multiplying the control response with a single multiplier (bottom right) to
enhance the detectability and discriminability of the visual stimuli. mAChRs adjust the response magnitude by scaling up or down the contrast-response curve (upper right).
The 5-HT2A receptor adjusts the response magnitude so that it is neither too strong nor too weak within the optimal rage for the next visual stage (upper left).
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mainly via mAChRs (Soma et al., 2012). We showed that atropine,
an mAChR antagonist, blocked ACh-evoked response facilitation
completely or on average more than 80%. ACh affected the
contrast-response curve in a manner consistent with mono-
directional and multiplicative response gain control like layer 4C.
On the other hand, Disney et al. (2012) demonstrated that the most
prevalent effect of ACh in layers other than layer 4C was response
suppression via mAChRs and GABAARs. We also found mAChRs-
mediated response suppression, but only in a small population of
neurons (Soma et al., 2012). The diversity and complex distribution
of receptor subfamilies/subtypes make the understanding of the
neuronal and network mechanisms that underlie muscarinic mod-
ulation in visual information processing difficult.
At the present moment, it is hard to explain this inconsistency
in the modulatory effect because of the lack of selective
antagonists and agonists for mAChR subtypes. M1 and M2 are
major subtypes of mAChRs in V1 (Disney and Aoki, 2008) and show
different cell type, layer, and pathway specificities (Disney et al.,
2006; Mrzljak et al., 1996) and different intracellular signaling
cascades (Groleau et al., 2015). Other subtypes are also expressed
in macaque V1 (Tigges et al., 1997). Individual subtypes alone or
in combination with others could exert different modulatory
effects on a single neuron as well as on the neuronal network.
Therefore, genetic manipulation or drugs with high selectivity
for each subtype are necessary to clarify the ACh action
mechanisms.6. Functional roles of serotonergic and cholinergic systems on
visual information processing in V1
Based on the above evidence for monkey V1 and additional evi-
dence from other species, below we postulate how the serotoner-
gic and cholinergic systems regulate human vision (Fig. 3).
During non-REM sleep, the serotonergic system is inactive,
whereas the cholinergic system is active in non-visual information
processing including memory consolidation (Hasselmo, 1999).
When we begin to wake, visual inputs awaken the serotonergic
system, triggering the expression of 5-HT1B and 5-HT2A and the
release of 5-HT in V1. Visual signals from the retina are first pro-
cessed by threshold-like bi-directional modulation via 5-HT1B,
where low-contrast signals are suppressed and high-contrast sig-
nals are facilitated, which enables efficient edge and contour detec-
tion in the retinal image and subsequent figure-ground segregation
(Livingstone and Hubel, 1981). The information is then optimized
by 5-HT2A at the next visual stage where the weak signals are
facilitated to enhance their perceptual saliency and the strong sig-
nals are suppressed to optimize the relative saliency of the weak
signals to the strong ones (Polat et al., 1998). Moreover, in human
studies, activation of 5-HT2A with agonist ingestion is reported to
affect the modal object completion of simple figures such as
Kanizsa figures, which requires boundary completion processing
and region-based segmentation processing (Kometer et al., 2011,
2013). Therefore, it can be argued that the serotonergic system
assists the visual system to encode and represent a neuronal image
50 S. Shimegi et al. / Journal of Physiology - Paris 110 (2016) 44–51of objects by ameliorating contrast-based and region-based image
segmentation and by balancing saliency in the visual field. The
cholinergic system also contributes to visual information process-
ing, but indirectly. Recent rodent studies demonstrated that ACh
plays an important role in switching the behavioral state from a
synchronous state with high voltage slow EEG to a desynchronized
state with low voltage fast EEG (activated states) by activating
inhibitory neurons in layers 1 and 2/3 via nAChRs and mAChRs
(Chen et al., 2015; Kimura et al., 2014; Lee and Dan, 2012). The
desynchronized state is suitable for visual perception and cogni-
tion, but generally increases the visual response as well as the
spontaneous activity of LGN neurons. Even under this situation,
the neuronal processing of contrast-based object extraction from
a retinal image proceeds efficiently by the serotonergic bi-
directional response modulation of 5-HT1B, in which the non-
visual activity and low contrast signals irrelevant to the object’s
contour are attenuated and high contrast signals are enhanced as
a potential object’s border. Then, the activation of 5-HT2A adjusts
the excitation-inhibition balance (Moreau et al., 2010) and the
strength of the visual signal to suit cortical processing in the desy-
chronized brain state. ACh, on the other hand, is thought to influ-
ence glutamatergic geniculocortical signal transformation in
addition to having a state-shift effect, but it works mostly in atten-
tional states. Attentional top-down signals activate the NBM,
thereby modulating visual responses in geniculocortical pathways
in a manner dependent on the AChR-dependent response gain con-
trol. The facilitatory response gain control would thus enhance the
detectability and discriminability of visual stimuli (Herrero et al.,
2008; Kang et al., 2014b; Pinto et al., 2013; Soma et al., 2013b).
Moreover, the coincidence of visually-evoked neuronal excitation
and ACh release in V1 causes long-term improvement of cue detec-
tion ability (Kang et al., 2014a, 2014b). Finally, vision leads to cog-
nition by matching the visual signals with the signals retrieved
from memory using the activation of mAChRs (Soma et al., 2014).7. Concluding remarks
Primates have evolved a visual system that can detect and dis-
criminate objects and judge the position and distance of the object
while moving at high spatiotemporal resolution so that they may
thrive in an arboreal environment. This system is characterized
by highly-subdivided visual/visual-association areas (Felleman
and Van Essen, 1991) and cortical layers in V1. The evolution of
multilayers in V1 not only allows for more complex neural compu-
tation by glutamatergic and GABAergic systems, but also provides
more regulatory sites in the neuromodulator systems. Therefore,
the excellence of primate vision could be interpreted as multilay-
ered, high-spec visual signal processing as well as layer-specific
dynamic regulation, which enables stage-specific and pathway-
specific control of the visual processing. In the present review, we
attempted to highlight this interpretation by examining serotoner-
gic and cholinergicmodulatory effects inmonkey V1 using anatom-
ical and in vivo electrophysiological studies. We explain that the
serotonergic and cholinergic systems distinctly contribute to the
gain control of visual signals in V1 at a common target, the genicu-
locortical layers, which allow for subsequent cortical signal pro-
cessing. Although the pathway (magno, parvo, koniocellular)-
specific action of these neuromodulator systems has not currently
been identified, technical advances in cell-type-, pathway-, and
layer-specific manipulation will disclose the sophisticated dynam-
ics of visual signal processing.Conflict of interest
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